We numerically study the influence of scattering along the channel and extension regions of dual gate nano-MOSFETs. It is found that the reduction in drain current due to scattering in the right half of the channel is comparable to the reduction in drain current due to scattering in the left half of the channel, when the channel length is comparable to the scattering length. As the channel length becomes much larger than the scattering length, scattering in the drain-end is less detrimental to the drive current than scattering near the source-end of the channel. We find that even for a MOSFET with a 25 nm channel length, scattering is important throughout the channel. Finally, we show that for nano-MOSFETs the extension regions cannot be modeled as simple series resistances.
I. Introduction
The Dual Gate MOSFET [1] , [2] (DG MOSFET) is an important candidate for future nanoscale devices because of the larger on-current and better scaling properties it offers compared to bulk MOSFETs. There have been a number of recent efforts to build and model these devices [3] , [4] , [5] , [6] , [7] , [8] . The resistance of a DG MOSFET (Fig. 1) can be qualitatively thought of as arising in four regions, Extension regions near the source (Ex-s) and drain (Ex-d), Channel (Ch), and Contacts. It is believed that the resistance of the contacts and extension regions are extrinsic series resistances [9] , while the channel resistance is intrinsic to the MOSFET. For a given doping distribution, both electrostatics and scattering play a role in determining the drive current. Electrostatics dictates that the total carrier density in the channel is approximately C ox (V G −V S ) as discussed in references [9] , [10] , [11] . The role of scattering in our opinion is less well understood. A detailed understanding of the influence of scattering on the drive current would help us better understand the physics and design of nanotransistors as they approach ballistic transport.
The role of scattering is however not straight forward to determine without computation because scattering tends to change the carrier and current densities in the channel, both spatially and energetically. Further the physics of this redistribution depends sensitively on the channel and scattering lengths as will be demonstrated in this paper.
The aim of this paper is to study the exact influence of scattering at different spatial locations along the channel (from source-end to drain-end) by numerical simulation. We consider an n-MOSFET, where carriers in the drive current are electrons. This paper is restricted to the influence of electron-phonon scattering, which is a very important scattering mechanism in devices with undoped channels, with interface roughness scattering also being important. Also, electron-phonon scattering is a more effective than ionized impurity scattering in back-scattering of carriers at room temperature. Reference [12] has recently pointed out that electron-electron and plasmon scattering may be important in degrading nanotransistor characteristics. Electron-electron scattering in the drain side will lead to carriers having an energy larger than the source injection barrier. The resulting small tail of hot carriers [13] will be reflected back into the source-end, there by causing an increase in the source injection barrier and a corresponding decrease in drain current.
Calculating the size of this effect is beyond the scope of our current work. Over all, both electron-electron and electron-plasmon scattering mechanisms will further decrease the scattering length, and deserve more attention.
II. Approach
The approach used draws upon our earlier work in modeling MOSFETs by solving the non-equilibrium Green's function and Poisson's equations [14] . The transport equations solved are [14] , [15] , [16] :
where G a is the advanced Green's function.
, is the Hamiltonian within the anisotropic effective mass approximation. The influence of the semi-infinite regions of the source (S) and drain (D), and scattering mechanisms (electron-phonon) are included via the self-energy terms Σ α , where α ∈ r, <, >. The self-energy due to phonons is included within the self-consistent Born approximation [17] . Elastic acoustic phonon scattering and g-type intervalley scattering with phonon energies of 12, 19 and 62 meV are included. It is also verified that f-type (19, 47 and 59 meV phonon) intervalley scattering did not significantly change our results and conclusions. This can be rationalized by noting that f-type intervalley scattering processes involve subbands with energies higher than the lowest subband. All scattering with phonons were included in the approximation of isotropic scattering using the deformation potentials in reference [18] . To demonstrate the effect of larger scattering rates, we artificially increase all deformation potentials by a multiplicative factor as indicated later in the text. The transport equations solved are effectively one dimensional for each subband that arises due to quantization in the xdirection of Fig. 1 [5] , [6] . The electrostatics is however treated in two dimensions (x-y plane of Fig. 1 ). Further, while scattering couples electrons in different subbands, only the first subband is important for the biases considered in this paper [19] .
III. Results: Where is scattering important?
Three devices were simulated with the following parameters:
Device A (This device is very similar to the Purdue dual gate MOSFET [20] . (i) The decrease in current from the ballistic value due to scattering in the source extension, channel and drain extension regions are 11.5%, 15.5% and 4% respectively.
These values point to the well appreciated result that either reducing the length or flaring the source extension region will make a nanotransistor significantly more ballistic.
(ii) The decrease in drain current due to scattering over the entire channel is important.
That is, scattering in the right half of the channel (0 nm to 5nm) is almost as important as scattering in the left half of the channel (-5 nm to 0 nm). This is in spite of the energetic redistribution of electrons in the channel to states with kinetic energy in the transport direction that is below E b . (iii) The drain current continues to decrease significantly due to scattering in the drain extension region. A very important question is if this decrease is simply a series resistance effect. From the inset of Fig. 3 , we see that Device A has an appreciable DIBL (Drain Induced Barrier Lowering). We address this issue in the next section.
We now present results for device B, whose channel length is two and a half times larger than device A. The scattering times are nearly the same for the two devices. As a result of the larger channel length, the probability for the carrier to energetically relax is larger.
Here, we find that scattering in the left (-12.5 nm to 0 nm) and right (0 nm to 12.5 nm) half of the channel reduces the drain current by 32% and 15% respectively from the ballistic value, and the over all ballisticity (ratio of 'Current with scattering' to 'Ballistic current') is 53% (dashed line of Fig. 4 ). Again, this points to the importance of scattering in the drain-end. The scattering rates in the simulations were then increased by nearly a factor of five by simply increasing the values of the deformation potential quoted in reference [18] by a factor of √ 5. The ballisticity of this device is now 38%, and the current decreases by 60% and 12% of the ballistic value due to scattering in the left and right halves of the channel respectively (solid line of 
IV. Discussion and Conclusions
We showed above that scattering at all locations in the channel is important in determin- DRAFT comparable to the semiclassical transit time (Table I) . Device A has a ballisticity of 85%
and 69% when scattering is present only in the channel and everywhere respectively. The scattering length of this device (11 nm) is comparable to the channel length (see Table   I ). The importance of scattering in the right half of the channel is also seen for Device B (dashed line of Fig. 4 ) which has the same scattering length as Device A. The potential in the right half of the channel is below E b − 2kT . Yet scattering in the right half of the channel contributes to a significant fraction of the decrease in drive current. When the channel length is comparable to the scattering length, the current carrying electrons are peaked in energy above E b in the right half of the channel (Fig. 5 (a) ). Then, scattering causes reflection of electrons towards the source. This is the first reason for the reduction in drain current. The second reason is that this reflected stream of electrons leads to an increase in the channel electron density (classical MOSFET electrostatics). As the charge in the channel should be approximately C ox (V G −V S ), the source injection barrier E b floats to higher energies to compensate for the reflected electrons [11] . The increase in E b leads to a further decrease in drain current due to scattering in the right half of the channel.
Increasing the scattering rate of Device B by a factor of five (solid line of (Table I) . Multiple scattering events now lead to an energy redistribution of current that is peaked well below the source injection barrier in the right half of the channel (Fig. 5 (b) ). Thus, explaining the diminished influence of scattering in the right half of the channel [20] , [21] . The influence of the diminishing effect of scattering in the drain-end for Device B with the larger scattering rate is also seen in Fig.   6 . Increasing scattering Y R−Scatt from -2.5 nm to 2.5 nm causes a large increase in the source injection barrier height but increasing Y R−Scatt to 7.5 nm causes very little further increase. It is also interesting that in the absence of scattering, the potential profile in the channel tends to flatten reflecting a ballistic channel, while scattering makes the drop in potential (or E 1 ) along the channel more ohmic / linear.
Finally, we ask the question if scattering in the extension regions is a simple series resistance or not. To answer this question we consider the case where the channel is ballistic. Such a situation will arise in devices where the channel length is smaller than the scattering length or in future novel devices where the channel is engineered to be ballistic. We consider two devices, Device A which has DIBL and Device C which has almost no DIBL (inset of Fig. 5 ). When scattering is introduced only in the source extension region of length 15 nm, devices A and C are 63% and 50% ballistic, respectively.
In contrast, scattering in a 15 nm long drain extension region makes devices A and C, 75%
and 82% ballistic, respectively. The five times larger scattering rate referred to above is used in the calculations. That is, the decrease in drain current is much larger than obtained from the simple series resistance picture [9] ,
where I (i) The channel is much longer than the scattering length such that the carriers exiting the channel at the drain-end are energetically relaxed. Then, the modeling of the drain extension region as a simple series resistance would be appropriate. This is seen in the right end of Fig. 7 , where upon sufficient relaxation of electrons, the decrease in current with increase in Y R−Scatt becomes comparable to that seen in the I D (V D ) plot.
(ii) When the channel length is shorter than the scattering length, but the drain extension region is also made much smaller than the scattering length, or the drain extension region is rapidly flared out. In the second of these cases, the probability of a scattered electron returning to the source-end will be small due to the larger number of modes available in the drain extension region. We agree that this argument neglects the role of the Miller effect in device design.
In conclusion, we find that the potential profile, and both the channel and scattering length scales play a role in determining the relative importance of scattering at different locations along the channel of a nanotransistor. In devices with the channel length comparable to the scattering length, the role of scattering in the drain-end (right half of the channel) is comparable to the role of scattering in the source-end (left half of the channel),
in reducing the drain current ( Fig. 3 and dashed line of Fig. 4 ). When the channel length is much larger than the scattering length, then scattering in the source-end becomes much more important than scattering in the drain-end (solid line of Fig. 4) . In this case, we stress that it is the energetic redistribution of carriers due to scattering in the source-end that makes scattering in the drain-end relatively less detrimental to the drain current. In the limit of a ballistic channel, for nanotransistors, we show that scattering in the drain extension region cannot in principle be modeled as a simple series resistance.
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